Foliar applied systemic agrochemicals require the entrance into the plant vascular system or 2 into specific subcellular compartments to reach their target in planta or to be imbibed by 3 piercing-sucking pests. An inappropriate subcellular localization, like accumulation of 4 aphicides in vacuoles, might lower compound efficiency due to reduced exposure to the 5 target. 6 Permeabilities and mass distributions of sixteen compounds covering a broad range of 7 properties were measured across a pH gradient in a PAMPA ('Parallel artificial membrane 8 permeability assay') system, providing experimental evidence for ion trapping of acids and 9 bases in basic and acidic compartments, respectively. The results validated a predictive 10 model which was then expanded to simulate a standardized plant cell (cytosol and vacuole) 11 with vascular system (phloem and xylem). 12 This approach underlined that the absolute mass distribution across aqueous phases was 13 defined by membrane retention (M r ) whereas the relative mass distribution was determined 14 by the species (neutral, acidic, basic) of compounds. These processes depend largely on pK a 15 and log K ow of the test compounds, which subsequently determine the partitioning of the 16 substances in plant cell compartments. The validated model can be used as a tool in 17 agrochemistry research to tailor the subcellular distribution by chemistry design and to 18 interpret biology results. 19 20 21 Keywords: 22 PAMPA, intracellular localization model, pH partition hypothesis, vacuole trapping 23
Introduction 24 Eukaryotic cells have highly organized subcellular compartments with distinct structural and 25 functional features. Plant vacuoles are versatile organelles with a crucial role in 26 osmoregulation, undertaking functions such as recycling, detoxification and storage 14 . 27 Different transport processes occur at the vacuolar membrane for inorganic or biotic solutes 28 30 . The electrochemical and pH gradient generated by channels and transporters might also 29 lead to an accumulation of xenobiotics within this largest cell compartment of mature plant 30 cells. 31 The present study aims to provide experimental evidence for the postulated vacuole 32 trapping of basic pesticides in leaf cells 10, 11, 34 . 33 The accumulation of weakly basic compounds in acidic organelles has been observed in 34 animal and human cells 12, 17, 46, 51 and was also recently discovered for acidic vesicles of 35 protozoa 20 . Ion trapping of weakly acidic herbicides leads to phloem transport and systemic 36 translocation in plants 27, 48 and is well described for phytohormones such as auxins 21, 35 and 37 abscisic acid 23 . It is expected that a similar passive mechanism occurs in plant cells, whereby 38 weakly basic compounds are distributed into the large acidic vacuoles. The passive 39 accumulation of alkaloids in acidic latex vacuoles against a concentration gradient was 40 described by Hauser and Wink (1990) 24 . On the macroscale, an increased accumulation of 41 weak bases in plants was observed with increasing pH 25, 36 . But as of yet, no systematic 42 study on the ion trap effect due to pH gradients of weakly alkaline pesticides has been 43 published. 44 Calculations based on first principles indicated that intrinsically very active pesticides might 45 not show sufficient translaminar pest control which is required for a robust field 46 performance against sucking pests after foliar spray if trapping in vacuoles inhibits dose 47 effective translaminar distribution 8 . Especially phloem feeders such as aphids and whiteflies 48 avoid piercing their stylet into the vacuole which contains natural plant defense compounds 49 like alkaloids 22 . Lipophilic compounds may be limited in translaminar diffusive transport, as 50 they stick to membranes and other lipophilic structures 8 . On the other hand, partitioning 51 into membranes favors membrane permeation and thus symplastic transport inside 52 mesophyll cells. Compounds accumulating inside of cells could be imbibed by cell feeders 53 like thrips and mites. The design for specific intracellular distribution profiles may thus be 54 seen as a new approach for target selectivity of pesticides 7 . 55 Initially we will provide experimental evidence for ion trapping of acids and bases in basic 56 and acidic compartments, respectively. This was done by determining the permeabilities and 57 mass distributions of diverse agrochemicals across a pH gradient between two differentially 58 adjusted compartments in a 'Parallel artificial membrane permeability assay' (PAMPA). The 59 permeabilities were measured in a kinetic and equilibrium approach. 60 In a second step we will compare the measured mass fractions with the postulated 61 distributions as calculated with a cell model 50, 51 . This model is gradually expanded to a four 62 compartment model representing a standardized plant cell (cytosol and vacuole) and plant 63 vascular system (phloem and xylem). 64 This paper provides results on a broad range of chemistry and also validates a model that 65 allows to interpret and to predict intracellular localization. This knowledge on subcellular 66 localization of new active ingredients in plant cells can be exploited for selective targeting of 67 pests and is an essential element in research of modern agrochemistry. 
Material and Methods
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Reagents. Sixteen compounds comprising monoprotic weak acids, monoprotic weak bases 71 and neutral compounds and differing in acid dissociation (pK a ) and lipophilicity were selected 72 for the experiments. This set of compounds included diverse chemistries including 73 commercial agrochemicals, research compounds and the reference drug carbamazepine. 74 The commercial insecticides pymetrozine (PYME), thiamethoxam (THMX), cyantraniliprole 75 (CYNT), spirotetramat (SPAT) and its free acid, spirotetramat enol (SPAT enol) as well as the 76 research compounds oxazoline (OX), imidazoline (IM) and additional research compounds 77 (compd 1 to compd 8), which were synthesized in house. Carbamazepine (CBZ), DMSO 78 (analytical grade), formic acid, acetonitrile (HPLC grade), methanol (HPLC grade) were 79 obtained from Sigma-Aldrich (St Louis, MO). 80 The chemical structures of the compounds are shown in Figure 1 . The name, abbreviation, 81 molecular weight, pK a , log K ow as well as log D (calculated) of test compounds are shown in 82 Table 1 . Physicochemical properties were either taken from literature or 83 measured/calculated in-house. All weak bases had a pK a well above 7.0 whereas the weak 84 acids possessed a pK a well below 5.5. The log K ow ranged from -0.2 to 6.8. 85 The water used in this study was purified (> 18 MΩ cm) prior to usage to ensure a homogenous solution.
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PAMPA was performed in 96 well plates as described elsewhere 16, 32 . The PAMPA sandwich 103 assembly contained a donor plate and an acceptor plate creating two chambers separated 104 by a microfilter disc ( Figure 2 ). The filter disc was coated with 5 µL of phospholipid solution 105 and dried for 30 min. The Tecan freedom EVO liquid handler transferred an aliquot from the 106 test solutions into the donor plate and reference plate. The acceptor plate was prepared 107 with acceptor buffer and the PAMPA sandwich was assembled together with the donor 108 plate. Incubation occurred at room temperature under constant humidity in the Gut-Box TM . 109 The PAMPA sandwich was disassembled after incubation and an aliquot of both acceptor 110 and donor solution was quantified. The compound distribution between donor, acceptor and 111 the remaining fraction in the filter was compared to a reference sample which was directly 112 measured after initiation of incubation. 113 Compounds in the permeability assay were measured under a bidirectional pH sink 114 condition, initially having pH 7.0 in the acceptor plate and pH 5.5 in the donor plate, and 115 following these measurements the pH gradients was reversed. These pH values were chosen 116 to mimic an ideal plant cell simplified to two equally sized compartments, the cytosol 117 (pH 7.0) and the embedded vacuole (pH 5.5). This gradient is more pronounced than 118 common applications in pharma where the blood (pH 7.4) and small intestine (pH 6.5) are 119 mimicked 26 . A test series generally contained DMSO as a blank and carbamazepine as an 120 internal reference standard. Compounds were measured in triplicates in each run. (Table S1 ). The mobile phase consisted of (A) HPLC grade water with 0.5% methanol and The mass fraction of donor (%M d ) was calculated as follows (Table S2) : The charged species has a membrane permeability which is orders of magnitude slower than 209 the neutral species 49 . Therefore, the solute is trapped in the compartment where the 210 molecule is ionized, i.e., acids at higher pH and bases at lower pH 51 . In general, ion trapping 211 only reduces P e in the direction from the compartment with trapping to the one without 28 . 212 In the absence of other diffusive processes, this mass ratio in steady-state equals the 213 thermodynamic phase equilibrium, i.e. the endpoint of diffusion which is the system state 214 with the highest entropy. Therefore, we determined P e under both trapping conditions as 215 forward permeability (P e,fw ) from pH 7.0 to pH 5.5 and as reverse permeability (P e,rv ) at 216 steady state (i.e. determined after 18 h) (Equation 6 and 7):
The real mass fractions in donor and acceptor compartment (i.e. in aqueous phases) at 223 equilibrium (%M a,eq and %M d,eq ) are obtained by considering the membrane retention (%M r ) 224 and reflecting the different directions of permeabilities (P e,fw and P e,rv ); as shown in Equation 46, 50, 51 , and it was also coupled to transport models of pesticides in plants 8, 47 . 235 Here, we test and apply its core element, the model for intracellular distribution 48 . The 236 chemical input parameters, log K ow neutral, log K ow ion, pK a , MW and the valency (charge 237 number) are shown in Table 1 . The valency is +1 for bases (OX, IM and compd 3 to compd 8) 238 and -1 for acids (SPAT enol, compd 1 and compd 2).
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The cell model parameters were adapted to reflect the conditions in our PAMPA test system 240 (Table S3) Table S3 . This model includes besides both major cell compartments, the cytosol (pH 7.2) 255 and the vacuole (pH 5.5), but also both elements of the plant vascular system, the xylem (pH Despite similar pKa as the other basic compounds, compound 3 behaved different and 294 showed similar permeabilities in both directions. This is likely due to an ion pairing 295 mechanism which allows ion pairs to cross membranes uncharged and thus as fast as the 296 neutral species. 297 Overall, we can state that the measured permeabilities of most test compounds were in 298 good alignment with the pH partitioning hypothesis (Smolen 1973) , which also means that 299 the permeability of ions did not significantly contribute to the overall membrane Compounds stated as not equilibrated in Table 2 showed an unexpectedly high donor 315 fraction as e.g. for PYME and THMX. Their very low permeabilities of ca. 0.2 × 10 -6 cm/s 316 (PYME) and ca. 0.7 × 10 -6 cm/s (THMX) indicate a very slow equilibration. Very low 317 permeability was also observed for the acid SPAT enol ((1.30 ± 0.03) × 10 -6 cm/s from pH 5.5 318 to pH 7.0) and for the base compd 3 ((0.06 ± 0.01) × 10 -6 cm/s from pH 7.0 to pH 5.5). These 319 non-equilibrated compounds had a particularly low log D (Table 1) . 320 A considerable amount of compd 5 remained in the neutral donor, when equilibrating from 321 pH 7.0 to pH 5.5, which cannot be explained by a low permeability. The permeability of 322 compd 5, (8.54 ± 0.94) × 10 -6 cm/s, was in the range of other basic compounds as for 323 instance compd 4 with (9.58 ± 0.48) × 10 -6 cm/s and compd 6 with (9.55 ± 0.82) × 10 -6 cm/s. 324 Almost full membrane retention was measured for compd 8 which is obviously related to its 325 high log K ow of about 6.5 ( Table 2 ). The equilibration from pH 7.0 to pH 5.5 was below the 326 detection limit for compd 8, suggesting major compound loss during the filtration step 327 because of precipitation. 328 In general, the membrane retention at equilibrium was log K ow dependent showing an 329 increasing membrane fraction with increasing log K ow . Assuming that measured (Table S3 ). The input 338 parameters, acid dissociation constant, lipophilicity and valency are given for each 339 compound in Table 1 . 340 This 'PAMPA cell model' predicted an accumulation of basic compounds in the vacuole, 341 accumulation of acidic compounds in the cytosol and equilibration for neutral compounds 342 (Figure 6 A) . Increasing membrane retention was described in correspondence to increasing 343 log K ow of test compounds. 344 The model predictions were compared with the mass distribution at equilibrium (%M a,eq and 345 %M d,eq ), which could have been taken directly from the equilibrium measurements (Table 2) . 346 Since five compounds did not equilibrate within six days, the mass distribution at equilibrium 347 was derived from their measured permeabilities (Equation 8). To be consistent, this 348 extrapolation was done for all sixteen compounds (Figure 6 B) . 349 The lack of membrane retention was correctly predicted for THMX and PYME, whereas the 350 lipid phase for the other neutral compounds was overestimated by factors of up to 1.8 (CBZ). 351 The membrane retention was correctly predicted for acids apart from a slight 352 overestimation for compd 2. The discrepancy between predicted and measured membrane basic species (Figure 7 A) . Second, the distribution within the aqueous phases revealed a pK a 381 dependent pattern. The predicted quantities solved in vacuoles in relation to the overall 382 solved fractions amounted to 84-85% for neutral compounds, 8-11% for acidic compounds 383 and 98-100% for basic compounds (Figure 7 B) . This similarity in behavior of acids on the one 384 hand and of bases on the other hand is due to the quite similar pKa-values in each group 385 (Table 1) . 386 Consequently, the absolute amount of a compound solved in one of the four compartments, In general, PAMPA is used to investigate kinetics of membrane permeation but not to 392 measure equilibrium. This is even more evident when sink conditions are applied to mimic 393 protein binding or blood flow 4 . However, in our context we wanted to simulate a 394 standardized plant cell within the leaf mesophyll and we therefore assumed comparable 395 protein levels in both compartments (i.e. neglecting protein binding). Our results obtained 396 with the PAMPA method cannot be directly transferred to the plant cell scenario since both 397 compartments, donor and acceptor, were of equal volume. In a plant cell the vacuole with 398 about 90% takes the majority of the size. Additionally, the membrane thickness in the 399 PAMPA system is given by the filter dimension carrying the phospholipids. This artificial 400 membrane has a thickness of 125 μm 2 and is therefore about 20'000 times thicker than a 5 401 to 10 nm thick biological lipid bilayer 40 . Accordingly, we would have expected the time 402 needed to reach equilibration within the PAMPA system would be much longer than for a 403 real biological system in situ. The relevance of thickness and lipid composition of biological 404 membranes on solute permeability was reviewed by Shinoda (2016) bivalent base chloroquine more than 1'000 fold 17 . Our results corroborate these findings. 431 Moreover, we obtained effective permeabilities, and the permeability ratios at varying pH 432 levels which are relevant for the distribution of compounds in the cytosol -vacuole system. 433 Our results are not on the intracellular scale, but mimic those conditions. They can thus be The supplement provides the measured data of the equilibrium approach (Table S1) , the 462 related calculations on mass fractions (Table S2 ) and all parameter data for the two 463 compartment model and the expanded four compartment model (Table S3 ). Mass fraction in acceptor, ND = not determined, N/A = not analyzed (below limit of 613 detection, LOD). Compounds with a difference between M a and M d of ≥ 15% were marked 614 with "not equilibrated". 
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